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Abstract Since 1972, the United Nations Educational, Scientiﬁc and Cultural Organization (UNESCO)
World Heritage Convention aims to identify and protect sites of Outstanding Universal Value for future
generations. However, growing impacts of climate change are of the utmost concern for the integrity of
many sites. Here, we inventory the glaciers present in natural World Heritage sites for the ﬁrst time. We
found 19,000 glaciers in 46 sites located all over the world. We analyze their recent evolution, current state,
and project their mass change over the 21st century. Our results are based on a comprehensive review of the
literature as well as a state‐of‐the‐art glaciological model for computing glacier responses up to 2100.
Illustrating the strong inﬂuence of CO2 emission scenarios and human actions on future ice loss magnitude,
we project the wastage of 33% to 60% of the 2017 cumulative ice volume of 12,000 km3 of World Heritage
glaciers by 2100. Furthermore, we expect complete glacier extinction in 8 to 21 of the investigated World
Heritage sites until the end of the century, depending on the climate scenario. We suggest that World
Heritage glaciers should be considered as analogs to endangered umbrella, keystone, and ﬂagship species,
whose conservation would secure wider environmental and social beneﬁts at global scale.
Plain Language Summary The World Heritage convention aims at protecting the Earth's
outmost assets and commits humanity to transmit them to future generations. However, many World
Heritage sites are affected by anthropogenic climate change. Here, we present the ﬁrst study on the glaciers
located within the natural World Heritage sites. We inventoried 19,000 World Heritage glaciers and
projected their mass changes over the 21st century. The results emphasize that major glacier decline will
occur in these iconic sites in future decades. Nevertheless, ice loss magnitude will vary by a factor of 2
according to CO2 emission scenarios and thus human activities. This study points out how the conservation
of World Heritage glaciers could serve as a leverage and a target to tackle the unprecedented issue of climate
change. Glaciers are more than disappearing passive climatic indicators. They are key components of
planetary ecosystems that inﬂuence global climate and sea level, as well as water ﬂuxes, human activities, or
biodiversity at the regional scale. The conservation of these iconic endangered features could thus
mobilize global‐scale conservation and climate mitigation beneﬁts. In this context, we show how drastic
reduction of emissions will rapidly curb melt rates and safeguard a large glacier volume on the long term.
1. Introduction
The Convention Concerning the Protection of the World Cultural and Natural Heritage was conceived to
protect the planet's most signiﬁcant and irreplaceable places from loss or damage (United Nations
Educational, Scientiﬁc and Cultural Organization, 1972). It constituted a major advance in conservation
strategies by linking together, above any spatial and temporal boundaries, the preservation of natural and
cultural heritage. Today, 247 natural World Heritage sites are listed for their Outstanding Universal Value
(OUV)—in terms of natural beauty or importance for geological and biological diversity and processes—
committing states and the international community to make the utmost effort to conserve and transmit
them to future generations. Although the 1972 World Heritage Convention did not identify anthropogenic
climate change (Intergovernmental Panel on Climate Change, 2013, 2018) among the major issues, it now
represents one of the most serious threats to natural sites and is the main source of future threat (Osipova
et al., 2017). Recent studies have shown how direct or cascading effects of climate change lead to negative
impacts on inscribed sites in various regions (Allan et al., 2017; Hughes et al., 2017; Reimann et al., 2018;
Scheffer et al., 2015). Major changes are also documented in polar and mountainous environments, where
©2019. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs
License, which permits use and distri-
bution in any medium, provided the
original work is properly cited, the use
is non‐commercial and no modiﬁca-




• First inventory and study of the
19,000 glaciers located in natural
World Heritage sites is presented
• In response to anthropogenic
warming, these glaciers are expected
to lose 33% to 60% of their volume by
2100
• The conservation of World Heritage
glaciers is paramount in a changing
climate because of their key role in
planetary ecosystems
Supporting Information:






Bosson, J.‐B., Huss, M., & Osipova, E.
(2019). Disappearing World Heritage
glaciers as a keystone of nature
conservation in a changing climate.
Earth's Future, 7, 469–479. https://doi.
org/10.1029/2018EF001139
Received 20 DEC 2018
Accepted 25 JAN 2019
Published online 29 APR 2019
BOSSON ET AL. 469
ongoing warming is ampliﬁed (MRI Working Group, 2015). The fate of glaciers appears especially troubling
as their global decline is both observed and predicted (Intergovernmental Panel on Climate Change, 2013;
Marzeion et al., 2018; Zemp et al., 2015). Although studies exist on some glaciers located in World
Heritage sites, their particular conservation status—that is, their recognition as outstanding natural assets
or components of ecosystems that have to be protected for future generations—is almost never considered,
and no comprehensive assessment of their state has been carried out. This paper addresses this gap by com-
paring natural World Heritage sites and the globally complete Randolph Glacier Inventory (RGI; Pfeffer
et al., 2014). This ﬁrst identiﬁcation of World Heritage glaciers allowed us to review the literature on their
recent evolution and to explore the potential mass change during 21st century by using an updated version
of the Global Glacier Evolution Model (Huss & Hock, 2015), a sophisticated approach to compute the indi-
vidual response of glaciers.
2. Data and Methods
2.1. Data
The boundaries of the 247 natural World Heritage sites originate from the World Database on Protected
Areas. Following the adoption of the World Heritage Convention in 1972, cultural and natural sites of
OUV have been inscribed on the World Heritage list since 1978 and, with the exception of Antarctica, are
currently present across the world.
Glaciers are dynamical ice masses formed by snow compaction. Outlines of all glaciers worldwide are
provided by the globally complete RGI version 6.0 (RGI Consortium, 2017). The acquisition dates of
the glacier outlines range from 1943 to 2013 but are typically from the ﬁrst decade of the 21st century
(Table S1 in the supporting information). We used global digital elevation models from various sources
(Howat et al., 2014; Jarvis et al., 2008; Morin et al., 2016; Tachikawa et al., 2011) to extract and aggregate
into 10‐m elevation bands the topography of each glacier. Ice thickness distribution at the inventory date
was calculated for each glacier by a numerical method for inverting bedrock elevation from surface
topography relying on the principles of ice ﬂow dynamics (Huss & Farinotti, 2012). In order to run
the glacier evolution model at the global scale, we used monthly near‐surface air temperature and pre-
cipitation data from the ERA‐Interim Reanalysis (Dee et al., 2011) for the period 1980–2016. Results of
monthly 2‐m air temperature and total precipitation of the Fifth Phase of the Coupled Model
Intercomparison Project (Taylor et al., 2012) for 2017–2100 were used for the future and were down-
scaled to all glaciers individually (Huss & Hock, 2015). We use projections from 14 global circulation
models forced by three emission scenarios (Representative Concentration Pathways, RCP:
Meinshausen et al., 2011; RCP 2.6, drastic reduction of greenhouse gas emissions; RCP4.5, intermediate
scenario; and RCP8.5, high emissions).
2.2. Glacier Inventory in Natural World Heritage Sites
AWorld Heritage glacier inventory was established by intersecting the outlines of all natural World Heritage
sites with those of the >200,000 glaciers of the RGIv6.0 (e.g., Figure S1). Most of the inventoried glaciers
(94%) have their whole area encompassed within the World Heritage sites, whereas other glaciers have only
a part of their area within the latter. As the Greenland ice sheet outlines are not included in the RGI, we used
satellite‐derived data (09.2016 MeASUREs Greenland Mosaics from Haran et al., 2017, and winter 2016–
2017 glacier terminus position from reference; Joughin et al., 2017) to delineate the frontal zone of the
Jakobshavn Isbræ in Ilulissat Icefjord, the glacier located in the only natural World Heritage site encompass-
ing part of Greenland.
In order to investigate how future glacier evolution and possible disappearance will modify or jeopardize the
OUV of the World Heritage sites that contain them, we analyzed the consideration of glaciers in ofﬁcial
documents of inscription and in the statements of OUV. We found four different types of consideration
for glaciers: (1) Glaciers were (among) the primary reasons for OUV, (2) they inﬂuence the wider OUV of
the site, (3) they are recognized, but the site was inscribed only under biodiversity criteria, and (4) they
are present but not recognized within OUV. A potential glacier decline will thus have no to crucial inﬂuence
on the site's OUV and, hence, on the justiﬁcation of the World Heritage status of a site.
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2.3. Glacier Modeling
As illustrated for Southern Patagonia (Figure S1), some World Heritage glaciers only have small portion of
their surface within the inscribed area. We thus removed the glaciers having less than 50% of their surface
within the World Heritage sites to obtain a representative picture of the processes that will occur within
the World Heritage sites. Hence, 18,452 World Heritage glaciers of the 19,039 inventoried (i.e., 97%) were
considered during the glacier evolution modeling.
In order to assess the future evolution of all individual glaciers of the World Heritage, we rely on the estab-
lished glacier model GloGEM (Huss & Hock, 2015). GloGEM computes glacier mass balance and associated
changes in glacier geometry (thickness, length, and width) at the glacier‐speciﬁc scale. The model operates
in elevation bands of 10 m for each individual glacier. The surface mass balance is computed at monthly
resolution as the sum of snow accumulation, snow, and ice melt and refreezing based on near‐surface air
temperature and precipitation time series. GloGEM also accounts for mass losses at marine‐ or lake‐
terminating glacier fronts due to iceberg calving and subaerial ablation approximated by a simple scheme
(Oerlemans & Nick, 2005) that has been compared to direct observations in different regions of the Earth
(Huss & Hock, 2015). At the end of each year, computed glacier mass changes are used to adjust each gla-
cier's thickness distribution and spatial extent using an empirical parameterization relating total mass
change to distributed ice surface elevation changes (Huss et al., 2010). The model thus does not explicitly
include ice dynamics but parametrizes the corresponding effects on glacier geometry relying on a simple
but widely used scheme (e.g., Li et al., 2015; Seibert et al., 2018). GloGEM was calibrated at the scale of indi-
vidual regions of the RGI based on glacier mass change estimates derived from a multimethod consensus
study (Gardner et al., 2013). Model results were compared to observations of glacier mass balance (in situ
and geodetic measurements) available for all regions around the globe (Zemp et al., 2012) and glacier area
changes indicating a generally good skill in reproducing past variation in glacier mass and area. For further
details on the model, its calibration and downscaling procedures we refer to Huss and Hock (2015).
For the present study, the setup of GloGEM is widely consistent with the model version presented in Huss
and Hock (2015). However, all model runs where updated using (i) the newest version of the RGI, that is,
RGIv6.0, instead of RGIv4.0 as in Huss and Hock (2015), and (ii) time series of observed meteorological con-
ditions were extended up to 2016. For some regions, this update has resulted in more accurate results for
regions with an enhanced quality of glacier inventory data (e.g., central Asia), and for small glaciers experi-
encing large changes in the ﬁrst decade of the 21st century.
2.4. Uncertainties
The results presented here are subject to uncertainties. First, except for Jakobshaven Isbrae (Ilulissat
Icefjord, Greenland), the present World Heritage glacier inventory fully relies on the glacier outlines con-
tained in the RGI. In some regions, glacier outlines are outdated. For instance, the nine glaciers of
Yellowstone National Park listed in the RGIv6.0 seem to have disappeared already and/or are stagnant snow
patches according to recent aerial photographs (imagery from Google Earth and Plans software). Our model
also provides evidence for the likely disappearance of these glaciers by simulating complete glacier disinte-
gration before 2005 (Figure S2). Nevertheless, the RGI remains the most complete source of glacier outlines
at the global scale. In addition, we also analyzed aerial photographs in other natural World Heritage sites
located in cold and mountainous environments to investigate if all World Heritage glaciers were included
in the RGI. No large glaciers were found. However, existing remnant ice patches (e.g., in Pirin National
Park, Gachev et al., 2016) or active rock glaciers (e.g., in Jiuzhaigou Valley Scenic and Historic Interest
Area; 32°55′50″N, 103°53′E) having a potentially glacial origin (Berthling, 2011; Bosson & Lambiel, 2016)
could indicate recent disappearance of active glaciers in a few World Heritage sites other than the 46 inven-
toried ones with glaciers.
Uncertainties also arise in projections of future glacier change using GloGEM from uncertainties in (1) the
climate projections, (2) the data on initial glacier area and ice thickness, and (3) the simpliﬁcations and
approximations in the model and the calibration procedure. Various sensitivity experiments performed by
Huss and Hock (2015) have shown that factors (2) and (3) can importantly inﬂuence projected future glacier
change of individual glaciers as no measurements of glacier‐speciﬁc ice thickness are available at the global
scale, many physical processes have to be strongly simpliﬁed in a global glacier model, and the downscaling
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of meteorological variables to thousands of glaciers remains challenging. Nevertheless, validation of
computed initial ice thicknesses and past mass balances against globally almost complete data bases of
these variables has indicated a satisfactory performance of the model with only small regional biases
(Huss & Farinotti, 2012; Huss & Hock, 2015). However, uncertainties in future climate forcing as
evidenced by the partly large differences in projected temperature and precipitation changes of the
individual global circulation models forced by the same CO2 emission pathways are considerable and
clearly dominate the overall uncertainties of the modeled glacier volume evolution of the 21st century
(Marzeion et al., 2018). Here, we therefore consider uncertain climate evolution as the main uncertainty
source and have used this factor to visualize and estimate overall uncertainty of glacier evolution in
response to each RCPs.
3. Results
3.1. World Heritage Glaciers Inventory
We ﬁnd that 19,039 glaciers have their whole or partial area within natural World Heritage sites. This cor-
responds to 9% of all glaciers on Earth (Figure 1 and Tables S2 and S3). Between one and several thousand
glaciers, whose sizes range from 0.01 to 106 km2, have been inventoried in 46 sites. Glaciers cover 55,950 km2
within these sites, corresponding to 0.4% of the global glacier area (7.5% if one excludes the ice sheets in
Antarctica and Greenland). New Zealand (76%; Table S1), Alaska (44%), and North Asia (26%) are the
regions with the largest proportion of ice within World Heritage sites while Arctic Canada, Iceland,
Svalbard, the Russian Arctic, and Antarctica have no World Heritage glaciers. Among outstanding glaciers,
one of the fastest glaciers and largest iceberg producer (Jakobshavn Isbrae in Ilulissat Icefjord), the longest
glacier outside continental ice sheets (Bering Glacier in KluaneWrangell St Elias Glacier Bay Tatshenshuni‐
Alsek), and the highest glacier (on Mount Everest in Sagarmatha National Park) are designated as World
Heritage. The largest glacier of Alaska (Seward Glacier in Kluane), central Europe (Grosser
Aletschgletscher in Swiss Alps Jungfrau‐Aletsch, Figure 2), central Asia (Fedchenko Glacier in Tajik
Figure 1. Glaciers (red dots) located in natural World Heritage sites (white polygons). Their number and area are scaled with circle size and color, respectively. Site
names are abbreviated, and their full names are given in Table S2. Sites abbreviated in bold are those where glaciers were one of the primary reasons for
inscription on the World Heritage List. Gray polygons are glacierized regions, and black dots correspond to all other inventoried glaciers (RGI Consortium, 2017, in
addition to the two continental ice sheets in Greenland and Antarctica).
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National Park), Southern Andes (Pio XI in Los Glaciares National Park), and New Zealand (Tasman Glacier
in Te Wahipounamu) are also listed.
The presence of glaciers is stated among the principal reasons for World Heritage inscription in ﬁve of the 46
sites (Table S2): Ilulissat Icefjord (Greenland), Kluane (Alaska), Los Glaciares National Park (Patagonia),
Swiss Alps Jungfrau‐Aletsch (Europe, Figure 2), and Tajik National Park (central Asia). In another 28 sites,
glaciers contribute, together with other natural features, to their recognized OUV. In 13 sites, glaciers are not
speciﬁcally mentioned as contributing to inscription.
3.2. Recent and Future Evolution of World Heritage Glaciers
Glaciers are among the best climate indicators in nature because their volume depends on air temperature,
precipitation and energy exchange at the Earth's surface. Since the nineteenth century, by limiting snow pre-
cipitation and extending and intensifying melt periods, anthropogenic global warming has induced a world-
wide glacier decline (Intergovernmental Panel on Climate Change, 2013; Marzeion et al., 2014; Zemp et al.,
2015). Substantial ice loss with mostly increasing magnitudes since the 1990s affected World Heritage gla-
ciers (e.g., Figure 2; Brun et al., 2017; Das et al., 2014; Kjeldsen et al., 2015; López‐Moreno et al., 2016;
Schaefer et al., 2015; Thompson et al., 2011). The largest one, Jakobshavn Isbrae, very likely experienced
the most severe loss since the nineteenth century as surface and submarine ablation, ice ﬂux and iceberg dis-
charge noticeably increased. It accounted for ~6% of the Greenland ice loss between 1983 and 2003 (Kjeldsen
et al., 2015) and for ~3% of global sea level rise between 2000 and 2011 (i.e., 1 mm,Howat et al., 2011). Retreat
and thinning of other World Heritage glaciers locally led to their disintegration or even complete disappear-
ance (e.g., López‐Moreno et al., 2016; Thompson et al., 2011). Glaciers also likely disappeared recently in a
few other World Heritage sites than those inventoried, as evidenced by remnant ice patches (e.g., Gachev
et al., 2016). Within this period of overall decline, mass gain and glacier advances may have temporally
and locally occurred at some of the sites (Mackintosh et al., 2017; Schaefer et al., 2015; Zemp et al., 2015),
Figure 2. Current state and reconstitution of Grosser Aletschgletscher extent at the end of the Little Ice Age, in the midnineteenth century. This 23‐km‐long valley
glacier is located in the World Heritage site Swiss Alps Jungfrau‐Aletsch. It contributed signiﬁcantly to the recognition of the World Heritage criteria vii (i.e.,
aesthetic value) and viii (i.e., geological value) that led to the inscription of this site in 2001. Grosser Aletschgletscher is by far the largest and longest glacier in the
European Alps. It has lost more than 25% of its volume and has been partly dislocated since the midnineteenth century (Bauder et al., 2007). Illustrating
the long response time of large glaciers to the post–Little Ice Age anthropogenic warming, Jouvet et al. (2011) showed that ~40% of its current volume would melt in
future decades even if the climate would stabilize at the level of the year 2000. We project the melt of 66 ± 32% (RCP2.6) to 96 ± 7% (RCP8.5) of the current ice
volume for this site by 2,100 (Table S4 and Figure S2), which will severely jeopardize its Outstanding Universal Value. Photograph: ©aletscharena.ch—Christian
Rueegg, 2011. RCP = Representative Concentration Pathways.
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as a result of shorter‐term decreases of atmospheric or oceanic temperatures, increases in precipitation, or
variations of solar or volcanic activity.
We used a process‐based model (Huss & Hock, 2015) to investigate the 21st century evolution of World
Heritage glaciers. However, this model was not operable on Jakobshavn Isbrae due to the complexity of
the involved glaciological and oceanographic processes for this site. According to existing modeling based
on RCP4.5 (Church et al., 2013), this glacier will remain one of the largest contributors to sea level rise with
4–10 mm until 2100 (i.e., ~1% to 2.5% of the average global value). As the whole Greenland ice sheet, it
responds with inertia to climatic variations and mass loss will very likely continue far beyond the end of
the 21st century.
Overall, our model predicts a substantial ice loss for World Heritage glaciers throughout the 21st century
(Figure 3a and Table 1). Mass loss by 2100 will account for 33 ± 11% (RCP2.6) to 60 ± 14% (RCP8.5) of
the 2017 volume, corresponding to 3,600 ± 1,200 to 6,600 ± 1,600 km3 of water, or 10 ± 3 to 18 ± 4 mm of
sea level equivalent. All the annual (Figure 3a‐b) and decadal means (Table 1) of glacier volume change
are expected to be negative over the century, illustrating a continuous ice loss for all climatic scenarios.
Figure 3. (a) Global and (b) regional 21st century evolution of glaciers located in natural World Heritage sites according to different CO2 emission scenarios
(RCP2.6, RCP4.5, and RCP8.5). Ice volume variations (multimodel mean of 14 general circulation models ±1 standard deviation) are relative to the 2017 ice
volume (in cubic kilometer with the number of glaciers considered in each evolution diagram). On themap, the red dots correspond to themodelledWorld Heritage
glaciers. RCP = Representative Concentration Pathways.
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However, the rate of mass loss will be reduced after the 2030s for RCP2.6 whereas it is expected to strongly
increase for RCP8.5.
Due to heterogeneous climatic and topographic conditions, the evolution of World Heritage glaciers will dif-
fer at regional and site scales (Figures 3b and 4 and S2 and Tables 1, S4, and S5). However, except for the
mostly balanced conditions modeled for Heard and McDonald Islands (Antarctic Islands), substantial ice
loss will occur in all natural World Heritage sites. Over the 21st century, the magnitude of the relative ice
melt will strongly depend on the size of glaciers in each site. Very small glaciers rapidly respond to climatic
variations because it strongly modiﬁes their mass balance and the accumulation area ratio (AAR, i.e., the
ratio of the area of the accumulation zone compared to the entire glacier area, Figure 4). Hence, relative
Table 1
Multimodel Means of the Computed Evolution of Glaciers Located in Natural World Heritage Sites Over the 21st Century
RCP2.6 RCP4.5 RCP8.5
WH glaciers considered in the modelling (n) 18,452
Ice volume (km3) 2017 12,200 12,200 12,200
2050 10,400 ± 600 10,200 ± 800 10,100 ± 800
2100 8,200 ± 1,300 6,900 ± 1,500 4,900 ± 1,700
Relative volume change (%) 2017–2050 −15.1 ± 5 −16.2 ± 6.2 −17.6 ± 6.3
2017–2100 −32.8 ± 10.7 −43.4 ± 11.9 −59.8 ± 14.1
Mass loss (Gt) 2017–2100 3,600 ± 1,200 4,800 ± 1,300 6,600 ± 1,600
Sea level equivalent (mm) 2017–2100 10.0 ± 3.3 13.2 ± 3.6 18.2 ± 4.3
Average annual volume change by decades (km3/year) 2010–2020 −45 −48 −51
2020–2030 −58 −57 −57
2030–2040 −60 −61 −64
2040–2050 −53 −67 −78
2050–2060 −47 −72 −93
2060–2070 −49 −71 −101
2070–2080 −45 −65 −110
2080–2090 −39 −63 −109
2090–2100 −38 −63 −104
NWHS with ice melt >80% (n) 2017–2100 20 33 41
NWHS with ice melt >99% (n) 2017–2100 8 12 21
Glacier area (km2) 2017 52,680 52,680 52,680
2100 37,100 ± 5,200 31,600 ± 5,800 23,500 ± 6,900
Relative area change (%) 2017–2100 −29.6 ± 9.8 −40.0 ± 11.1 −55.4 ± 13.1
Note. Mass loss and sea level equivalent are computed assuming an ice density of 900 kg/m3 and an ocean area of 3.625 × 108 km2. WH = World Heritage.
NWHS = Natural World Heritage sites.
Figure 4. The 21st century evolution of glaciers located in three natural World Heritage sites according to different CO2 emission scenarios (RCP2.6, RCP4.5, and
RCP8.5). Ice volume variations (multimodel mean of 14 general circulation models ±1 standard deviation) are relative to the 2017 ice volume (in cubic
kilometer with the number of glaciers and their mean area considered in each panel). Los Glaciares National Park (a; located in South America), Te
Wahipounamu‐SW New Zealand (b), and the Dolomites (c; central Europe) are displayed as examples of evolution in sites having mostly large ice cap glaciers,
valley glaciers and very small glaciers, respectively. RCP = Representative Concentration Pathways; AAR = accumulation area ratio.
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ice volume will rapidly decrease in sites with very small glaciers in a warming climate, while it will take
longer in sites with large glaciers (Figure 4). If air temperature would stabilize in future decades as projected
by RCP2.6, the smallest glaciers could rapidly ﬁnd a new balance with climatic conditions and stop shrink-
ing (AAR will be comprised between 50% and 70%) and even experience a mass gain if AAR values will
exceed 70% as projected for the glaciers in Te Wahipounamu and the Dolomites (Figures 4b and 4c).
Conversely, projections of glacier evolution in Los Glaciares National Park illustrate the slow response time
of large glaciers (Figure 4a). The low AAR values (<50%) modeled for the glaciers in this site at the end of the
21st century indicate a strong imbalance between the remaining large ice volume and climatic conditions
and thus the continuation of ice loss beyond 2100.
Overall, more than 80% of the 2017 ice volume is expected to have melted in 20 (RCP2.6) to 41 (RCP8.5) sites
by 2100 and glacier extinction, deﬁned here as the disappearance of more than 99% of the current ice
volume, is forecasted in 8 (RCP2.6) to 21 (RCP8.5) sites (Figure 3a‐c and S3 and Tables 1 and S4).
Compared to ice volume in 2017, the difference between estimated volume losses by 2100 for RCP2.6 and
RCP8.5 is smaller than 10% in 13 sites (e.g., Figures 4c and S3 and Table S4), reﬂecting the irremediable
future vanishing of small glaciers in unfavorable environments. In other words, at such sites glaciers will dis-
appear no matter which RCP scenario occurs. Conversely, this difference is above 25% in 20 sites (e.g.,
Figures 4a and 4b), emphasizing the strong inﬂuence of CO2 emissions scenarios and, thus, human actions
on the magnitude of ice loss. At the end of the century, the computed glacier geometry will be close to equi-
librium with climate for RCP2.6 (mean AAR > 50% in 60% of the sites; e.g., Figures 4b and 4c and S4 and
Table S4). However, a strong imbalance is modeled for RCP4.5 and RCP8.5 (mean AAR > 50% in only
31% and 3%, respectively, of the sites) and therefore suggests the continuation of ice loss far beyond 2100.
4. Discussion and Conclusion
Through the ﬁrst complete inventory of glaciers located in natural World Heritage sites, the analysis of their
recent evolution, and the modeling of their future mass change, this study shows that, beyond the presence
of many outstanding glaciers and their particular internationally recognized World Heritage status, these
glaciers are similar and representative of the other glaciers on Earth. From very small cirque glaciers to
ice caps or part of the continental ice sheet, all types and sizes of glaciers can be found among the 19,039
World Heritage glaciers. Present in most of the glacierized regions on Earth (Pfeffer et al., 2014), they experi-
enced the same widespread mass loss as other glaciers in response to recent anthropogenic warming (e.g.,
Zemp et al., 2015). Our projections on the intensiﬁcation of their melt over the 21st century are in line with
previous glacier modeling studies at the local, regional or global scale (e.g., Clarke et al., 2015; Kraaijenbrink
et al., 2017; Marzeion et al., 2018; Radić et al., 2014; Zekollari et al., 2014). In comparison to a previous appli-
cation of the global glacier model used in the present study (Huss & Hock, 2015), we ﬁnd similar trends in
glacier wastage, but results are based on the newest available input data and, hence, are assumed to be
more accurate.
This ongoing major and unprecedented glacier decline highlights the threat posed to theWorld Heritage in a
changing climate. The presence of glaciers has been recognized as a natural value and is often mentioned to
justify the inscription of the 46 studied sites on the World Heritage list (Table S2). Hence, the strong ice loss,
and moreover, the projected glacier extinction in 8 (RCP2.6) to 21 sites (RCP8.5) over the 21st century will
strongly affect the integrity and value of many of these World Heritage sites. It could even directly question
the recognized OUV in sites like Swiss Alps Jungfrau‐Aletsch (Figure 2), Ilulissat Icefjord, or Kluane
Wrangell St Elias Glacier Bay Tatshenshuni‐Alsek, which have been inscribed at least partly for their
exceptional glaciers.
These results complete the observations and projections made on the loss of other geological and biological
assets in natural World Heritage sites in a warming climate (e.g., Allan et al., 2017; Hughes et al., 2017;
Osipova et al., 2017; Scheffer et al., 2015). Despite their commitment to use utmost resources, states and
international community fail to preserve and conserve some valued natural features for future generations,
even in the most outstanding protected areas. The current situation of the Great Barrier Reef demonstrates
the complexity of nature conservation in World Heritage sites in a changing climate. The World Heritage
Committee considered inscribing this site as in danger as of 2015, due to the occurrence of climatically con-
trolled coral bleaching events. To prevent this undesirable inscription, the Australian government adopted a
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long‐term sustainability plan (Normile & Dayton, 2014). However, the most serious bleaching event of at
least 20 years occurred in 2016 (Hughes et al., 2017), illustrating that local and national efforts, as well as
usual nature conservation tools, cannot address a global issue having the magnitude and the complexity
of atmosphere and ocean warming. Loss and damage related to anthropogenic climate change could thereby
lead to the designation of more and more World Heritage sites as in danger or with a critical state of conser-
vation in the near future (Osipova et al., 2017). However, if the World Heritage status does not protect from
climate change impacts, World Heritage sites currently serve to develop knowledge, mitigation, and adapta-
tion policy and to raise public awareness of this issue. Increasing efforts are especially made since 2005 by the
different involved stakeholders in terms of strategy and capacity building from the local to the global scale
(e.g., United Nations Educational, Scientiﬁc and Cultural Organization, 2014).
In an increasing number of publications (e.g., Ceballos et al., 2017; Hughes et al., 2017;
Intergovernmental Panel on Climate Change, 2018; Ripple et al., 2017; Steffen et al., 2018), the scientiﬁc
community warns humanity against the critical state of climate, nature, and societies on Earth in the
Anthropocene and shows that decisive actions have to be urgently taken to prevent unprecedented,
damageable, and irreversible consequences. In this context and among other actions, World Heritage gla-
ciers conservation could be both used as a leverage and a target for planetary‐scale climate change miti-
gation. Indeed, the safeguarding of these iconic and important natural features could mobilize global‐
scale conservation and mitigation beneﬁts. As for all glaciers and ice sheets on Earth, their preservation
reinforces the compelling priority for strong and rapid reduction of greenhouse gas emissions and thereby
a deep modiﬁcation of human impacts on the climate. World Heritage glaciers are thus analogous to
umbrella species (Simberloff, 1998), and their conservation will automatically allow and imply the conser-
vation of other features threatened by global warming. As all glaciers and ice sheets, World Heritage gla-
ciers have also the characteristics of keystone species (Simberloff, 1998) because of their disproportionately
large impacts on nature and societies on Earth. Glaciers and ice sheets have an important inﬂuence on
global climate and sea level (e.g., Intergovernmental Panel on Climate Change, 2013; Marzeion et al.,
2018; Marzeion & Levermann, 2014; Steffen et al., 2018). In many regions, they strongly impact fresh-
water, sediment and biogeochemical ﬂuxes, biodiversity, and geohazards and provide many nature's con-
tributions to people (e.g., Díaz et al., 2018; Huss et al., 2017; Huss & Hock, 2018; Milner et al., 2017). Their
vanishing will thus have signiﬁcant natural, social, economical, and migratory cascading consequences
and could contribute to push and lock our planet beyond a threshold where the Earth would become a
dangerous and uncontrollable hothouse (Steffen et al., 2018). Endangered World Heritage glaciers are
ﬁnally similar to ﬂagship species (Simberloff, 1998) because these emblematic and sensitive features have
a large potential to raise global awareness, especially in view of the clear international commitment to
protect World Heritage sites from damage or loss.
All of this emphasizes the compelling need and opportunity to act against worldwide (World Heritage)
glacier decline. Supporting recent ﬁndings (Marzeion et al., 2018), our results show how drastic reduc-
tions of emissions (notably the achievement of RCP2.6) will rapidly curb melt rates to safeguard a large
glacier volume in the long‐term, limiting sea level rise and other cascading consequences. Within this
scope, individual and collective actions (e.g., Intergovernmental Panel on Climate Change, 2014, 2018;
Ripple et al., 2017; Wynes & Nicholas, 2017) are proposed to achieve the rapid and far‐reaching societal
transition required to respect the commitments made during the ﬁrst worldwide climate agreement in
2015 in Paris.
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